[1] The magnetic fluxes associated with the Martian crustal remanent magnetization have been studied in order to investigate the global structure of the magnetic field in and above the level of the Martian ionosphere. The intensely and nonuniformly magnetized crustal sources generate an effective large-scale magnetic field. Reconnection with the interplanetary magnetic field can possibly take place in many localized regions. This will permit solar wind (SW) and more energetic particles to precipitate into and heat the neutral atmosphere by impact ionization. This may occur not only in cusp-like field structures above nearly vertical field anomalies but also in halos extending several hundreds of kilometers from these sources. Numerous cusp-like regions may exist above the many crustal anomalies in the southern hemisphere. The large-scale horizontal magnetic fields due to the crustal sources and induced by the SW interaction are responsible for controlling the detailed structure of the Martian ionosphere. Radio occultation observations in the southern hemisphere show relatively constant and low average values of the electron density scale height and zero dependence on zenith angle in contrast to that of nonmagnetic Venus. 
Introduction
[2] The intense crustal magnetic anomalies at Mars, discovered by the magnetometer/electron reflectometer (MAG/ER) instrument on the Mars Global Surveyor (MGS) spacecraft [Acuña et al., 1998 Connerney et al., 1999; Ness et al., 1999] are thus far unrivaled among the terrestrial planets. These anomalies and the minimagnetospheres formed by them ] represent the present-day magnetic environment of Mars.
[3] The magnetic field has been mapped to a resolution of a few hundred kilometers consistent with the spacecraft mapping orbit altitude of 370 -438 km and ground track separations of 59 km at the equator. These data permit the study of the global structure of the magnetic fluxes in and above the ionosphere of Mars and possible effects on the Martian ionosphere/atmosphere due to the solar wind (SW) interaction. At the altitude of the ionization peak ($100-150 km), magnetic fields strong enough to affect the Martian ionosphere were observed mainly within several spatially separated regions in the southern hemisphere.
Pre-MGS Studies
[4] From earlier spacecraft studies at Mars it has been found that the topside portions of the electron density profiles derived from radio occultation data have remarkably constant slopes, regardless of the phase of the solar cycle and solar zenith angles [Kliore, 1992] . Figure 1 shows the vertical electron density profiles in the Martian ionosphere as observed by Mariner 9 radio occultation experiments. The constancy of the scale heights above the peak density was also observed in the Viking 1 and 2 (Lander) data, even though the measured electron and ion temper-atures exhibit substantial increases above the ionization peak [Hanson and Mantas, 1988] .
[5] One plausible explanation for the low scale height of the Martian topside ionosphere and its insensitivity to the variations of plasma temperature was the existence of strong large-scale horizontal magnetic fields. This can inhibit vertical plasma diffusion and prevent diffusive equilibrium from being reached. It was suggested that this was due to a drapped interplanetary magnetic field (IMF) [Yeroshenko et al., 1990; Russell, 1978; Shinagawa and Cravens, 1989] .
[6] For the nonmagnetic planet Venus the situation is similar to Mars for high solar wind dynamic pressure . The slopes of the electron density profiles above the ionization peak show different variations with the solar zenith angle and are much less compressed near the terminator than at Mars [Kliore, 1992] .
[7] The Phobos 2 spacecraft observed a dependence of the Martian magnetotail diameter on the SW ram pressure. On average, it was consistent with a dipole-like planetary field with an effective central dipole magnetic moment of 0.8-1.0 Â 10 22 Gauss cm 3 [Verigin et al., 1997] .
MGS Results and Implications
[8] To reconcile these inconsistencies, it is now possible to hypothesize that the local but numerous crustal magnetic fields observed by MGS may plausibly create an effective large-scale magnetic field. The major fraction of the planetary magnetic field flux is concentrated near the surface of the planet and reflects the crustal magnetization pattern. The rest of the flux escapes from Mars. With respect to the effects of the solar wind interaction this flux acts as an effective dipole, which is significantly stronger than the central dipole estimated by Acuña et al. [2001] .
[9] To check this hypothesis, we computed and studied a number of magnetic field parameters: the angle with respect to the local zenith; the horizontal component; and the vertical magnetic flux for several spatial regions from the numerical maps of the calibrated B r (radial), B q (southward), and B È (eastward) components measured at altitudes of 404 ± 34 km. The interpretation of these field parameters allows us to identify ''effective sources and sinks'' of global and local magnetic fields. We also discuss the topology of crustal magnetization generating the magnetic field observed by MAG at altitudes of 80 -200 km during the limited aerobraking (AB) and science phasing orbit (SPO) phases of MGS operations.
[10] This approach is complementary to and rather more physical than the traditional mathematical method of representing a global planetary magnetic field as the sum of a series of centered magnetic multipoles, that is, a series of spherical, harmonic functions [Ferguson et al., 2000] . While such analyses give a formal mathematical representation of the observed magnetic field of Mars, they are unable to clarify the relationships between the harmonics and the structure of the magnetization of the underlying Martian crust or the interaction with the solar wind.
[11] Another mathematical technique to represent the magnetic field above the Martian surface is the use of a set of equivalent sources. This assumes that all the sources can be represented by an ensemble of magnetic dipoles that lie on the surface of a reference sphere [Purucker et al., 2000] . In this specific effort the assumption was made that all dipole axes were radial. The method uses the observations in a minimization process to determine the magnetizations of each of the many (11,550) individual dipoles that can best fit the data.
[12] Now we will examine whether or not the global features of the crustal anomalies can explain the differences in the structure of the Martian and Venusian ionospheres observed for the same zenith angles, and we will analyze their role in atmospheric heating.
[13] Figure 2 presents a global map of the magnetic field angles with local zenith derived from MGS numerical maps ] of components of the calibrated magnetic field measured at the MGS mapping altitude of (Figure 2a ). The mapping phase provides nearly uniform global coverage at orbit altitudes every 28 days (one ''mapping cycle'') with adjacent track separations of 1°(= 59 km) at the equator. Because of the inclination of the MGS orbital plane it remains fixed in local time (0200 -1400 LT) during Mars' heliocentric motion.
[14] The data used in this report span 18 mapping cycles (from March 1999 to August 2000). The vector measurements were first averaged along the track and then decimated in time to provide an averaged value of each component of the magnetic field for every degree of latitude. These averages were sorted into bins extending 1°in the north-south and east-west directions. The median bin contained 14 such vector averages.
[15] Small angles with respect to local zenith (<30°) are indicated in Figure 2 by red and represent those regions where the magnetic flux across the spherical shell is defined to be positive (directed outward from the planet). We consider such regions as ''effective sources'' for the magnetic field flux. Large angles (>150°) are indicated by blue and represent the regions where the magnetic flux is directed toward the planet. Such regions act as ''effective sinks,'' where the magnetic flux is ''absorbed'' by the planetary surface. For angles from 60°to 120°, mapped by pale red or blue colors and white, magnetic flux flows primarily from ''source'' to ''sink. '' [16] In Figure 2a , one can see significant color asymmetry between the southern and northern hemispheres. It resembles the color asymmetry of Figure 2b , where the angle with local zenith is mapped for a single central axial dipole magnetic field. The visible color asymmetry in Figure 2a suggests the existence of a significant dipolelike flux of the large-scale field, which is associated with the global asymmetry of Martian crustal magnetization.
[17] The large-scale structure of the magnetic field fluxes can be assessed by numerically calculating the expression
where È is the magnetic flux, AE is the surface, and B n is the magnetic field component normal to the surface AE. The mapping orbit of MGS is approximately circular so that magnetic field data points are roughly scattered around the surface of a sphere of radius R 0 = R M + 404 km, where R M = 3397 km is the mean radius of Mars. Therefore we assume that AE is a portion of a spherical shell of radius R 0 and that B n = B r . After discretization of the integral over a grid of 1°Â 1°elements, we get the expression
where i and j correspond to all the numerical elements that fall into a region specified by their latitude and longitude boundaries. The magnetic field fluxes to be calculated use the radial component of the magnetic field measured only above the nightside of Mars. This selection of the data attempts to minimize the effects of the interplanetary magnetic field draping and/or compression of the crustal field, associated with the solar wind interaction , which are largest on the dayside.
[18] We check that the available database is consistent with the requirement that the total magnetic flux across a closed surface is zero. A nonzero total flux would imply a nonzero monopole component of the magnetic field. The calculated flux across a spherical shell located at R = R 0 was found to be measurably nonzero. It corresponded to an average radial component hB r i = À1.635 nT. This indicates that a systematic bias exists in the measured B r components. Such a bias may be associated with a seasonal selection effect of the external magnetic fields caused by the solar wind interaction, a systematic measurement error not yet corrected for, the known but small latitudinal asymmetry of satellite altitude in the mapping orbit, or possibly other sampling biases. Its true origin is unimportant in the following studies because we have subtracted hB r i = À1.635 nT from the data set. The resulting residual [B r À hB r i] data set is used for subsequent calculations in the studies reported upon in this paper.
[19] There are two reasons to concentrate only on fluxes from latitudes less than À20°: (1) The majority of strong crustal fields are located between longitudes of 90°and 250°, and these crustal fields seem to create the major fraction of the global flux; this is true to within ±10-15% quantitatively and therefore is qualitatively true. (2) The region between longitudes of 0°and 90°and 250°and 360°is colored primarily by red, indicating the large-scale magnetic flux that comes from these regions (Figure 2a ).
[20] For the region with latitudes less than À20°the calculated total vertical flux is È T = 1.8 Â 10 5 Tm 2 .
That is approximately equal to the flux due to the dipole component of the global magnetic field estimated by Ferguson et al. [2000] . The magnetic field flux from the sector between longitudes of 90°and 250°, where the strong crustal fields are concentrated, is $0.35 È T . This sector covers nearly 44% of the total area of the region. Thus the strong crustal magnetic fields, which are concentrated in a restricted region, have only a modest effect on the global structure of the magnetic fluxes.
[21] The vector field observations averaged over 1°Â 1°d ata and acquired in the night hemisphere have also been analyzed to derive the magnitude of a centered dipole [ Acuña et al., 2001] . All the averages for which the magnitude of B exceeded 5 nT were deleted, and a uniform external field was included in the analysis. By order of magnitude the estimated value of the derived central dipole does not exceed 2 Â 10 17 Am 2 (or 2 Â 10 20 Gauss cm 3 ). Such a dipole has <0.5 nT field on the surface at the equator, and the total magnetic field flux from one hemisphere is <3 Â 10 4 Tm 2 . It is noted that the calculated total flux is 6 -7 times larger than the flux expected from the central dipole of the magnitude assessed by Acuña et al. [2001] . Thus the magnetized crust of Mars does seem capable of generating the effective largescale magnetic field in the ionosphere and above (at least up to 400 km).
Geometry of Magnetic Field Lines in the Regions of Strong Crustal Magnetization
[22] Certain features of the large-scale magnetic field near Mars readily explain some of the average characteristics of the ionosphere and the SW interaction. Some anomalous profiles of electron density might be a consequence of local heating of the atmosphere caused by precipitation of energetic electrons and ions in the crustal magnetization regions [Ness et al., 2000] .
[23] We introduced the concept of ''effective sources and sinks'' as an approach for analyzing the magnetic field topology throughout local areas with very strong crustal magnetic fields. We use the data from MGS magnetic field investigation obtained during the two aerobraking phases of the mission (AB1, 1997 -255 through 1998 -086, and AB2, 1998 -267 through 1999 . The data have been averaged in a three-dimensional grid of 1°Â 1°Â 10 km in longitude, latitude, and altitude, respectively. The altitude range is 80-200 km. We note that these are uncalibrated data, but the corrections are a small fraction of the measured values, typically less than a few percent.
[24] In the regions of crustal magnetic fields the weaker, more distant or higher-altitude crustal field lines may reconnect with the IMF and become open to access by energetic SW particles. The footprints of these open magnetic field lines at 100 km altitude indicate the areas inside which the energetic SW particles can precipitate. Here it is assumed that at altitudes near 100 km a magnetic field angle with local zenith either <30°or >150°indicates the footprint of the outermost field lines of the crustal magnetic field sources.
[25] The distribution, in percent, of magnetic field angles with local zenith as a function of the magnitude of the latitude angle is shown in Figure 3 . Data for latitudes less than À77°have been excluded to minimize the effects of the disproportionately large number of data points in that region. Figure 3a presents the data for latitudes <10°( primarily the southern hemisphere), while Figure 3b presents the remaining data (primarily the northern hemisphere). Comparing Figures 3a and 3b , one notices how different the two distributions are. In Figure 3b , there is a sharp peaking of the angles at 90°, which seems to be caused by the IMF penetrating down to 100 km in the northern hemisphere. To minimize the effects of the IMF, we then analyzed only the angles for latitudes <10°.
[26] As can be seen from Figure 3 , in $10-15% of the cases the angle with local zenith is either <30°or >150°. This implies the possible penetration of SW energetic particles down to 100 km in a dense atmosphere. We have specified only to what extent the atmosphere of Mars can be exposed to the energetic particles in the region of the Martian crust with strong magnetization. The reconnection process is sensitive to several other factors, and energetic particle precipitation events are probably even less frequent than 10%. For consequences of the reconnection process, it is very important to know where the ''open'' lines of crustal magnetic fields control the path of the energetic particles.
[27] Comparison maps of the angle with respect to local zenith for two extreme cases are shown in Figure 4 for isolated horizontal (Figure 4a ) and vertical (Figure 4b) dipoles. In the case of a horizontal dipole most nearly vertical field lines concentrate into two spot-like regions located at distances about equal to the spacecraft orbit altitude ($100 km) on both sides of the dipole center. In the case of a vertical dipole, there is only one spot-like region, which is just above the dipole, and a distant ringlike halo. Field lines of crustal magnetic fields, which are most vertical at 100 km, may become open during reconnection. Footprints of the already open field lines are located within the regions where the field lines of crustal magnetic fields were initially the most vertical. Consequently, if reconnection occurs in the regions where crustal magnetization creates vertical dipole-like structures, the precipitating particles can heat the neutral atmosphere both in a spot-like region above the dipole and a ring-like region of radius $300 km around it.
[28] An interesting example of isolated crustal magnetization creating vertical dipole-like structures is located at 34°N, 337°E . The maps of magnetic field strength and angle with respect to local zenith in this region are shown in Figures 4c and 4d , respectively. There appear to actually be three nearby and very localized sources in this small region. In Figure 4c the crustal magnetic field is stronger than 100 nT around points located at 34°N, 337°E, 25°N, 341°E, and 37°N, 341°E. These three regions control the structure of magnetic fluxes in the whole region. In Figure 4d , there is an intensive red spot at the point (34°N, 337°E) and a paleto-intensive blue halo around it. The halo is mainly due to the presence of the two other vertical dipole-like structures of opposite polarity, which create a blue spot and red halo at the points (25°N, 341°E) and (37°N, 341°E), respectively.
[29] This qualitative interpretation is supported by the patterns of the horizontal component of magnetic field (Figure 5 ), indicating that the major part of the magnetic flux is directed from the region around the point f(34°N, 337°E) toward points (25°N, 341°E) and (37°N, 341°E). The weak field region around point (27°N, 337°E) appears to be magnetically connected with the strong field region (34°N, 337°E). Thus, if reconnection occurs near point (34°N, 337°E), the effects of precipitating particles could be observed near point (27°N, 337°E). That is also 400-500 km away from the reconnection point!
Effects of Crustal Fields Structure on the Martian Ionosphere
[30] In the photoequilibrium region of the ionosphere the scale height of the electron density profile is H = 2H N , where H N = (kT N /M*g) is the neutral atmosphere scale height, k is the Boltzman constant, g is the acceleration force of gravity, M* is the effective mass of atmospheric atoms, and T N is the temperature of neutrals. In the diffusive equilibrium region the plasma density scale height is controlled by the plasma temperature T p = (T i + T e ): H p = (kT p /Mg). Finally, in the unmagnetized ionosphere the upper boundary of the photoequilibrium region is at $180-km altitude, and the diffusive equilibrium region begins above this altitude [Bauer and Hantsch, 1989] .
[31] If there is a magnetic field, vertical diffusion is mainly sensitive to the angle between the magnetic field in the topside ionosphere and the local zenith: The plasma diffuses mainly along the field lines. The electron density profiles should then show an increase of the scale height at altitudes above 200 km if the magnetic field direction in the region is close to vertical (the angle with the local zenith is <45°). The analysis of the average value of the scale height above the ionization peak in the Martian ionosphere for 120 electron density profiles obtained from radio occultation data revealed that the scale heights in the overall topside region were typically small and close to photoequilibrium up to the altitude of 240 km [Breus et al., 1998 ].
[32] A series of 56 Mariner 9 radio occultation profiles were obtained mainly in the latitude region from 6°N to 40°S, largely overlapping with the crustal anomalies region. Among these profiles, 12 were located exactly in the 150°E-240°E longitude region above the strong vertical magnetic field anomalies [see Ness et al., 2000, Figure 1a map]. Only two profiles, however, showed any increase of the scale height in the topside region in comparison with the average value. One of these profiles (orbit N8) has an increased scale height and an S-shaped structure within the altitude range 200 -250 km, that is, in the region of the diffusive equilibrium. The magnetic field measured near the profile for orbit 8 location is rather strong and varies from mainly horizontal to vertical. This explains the increased scale height and the S-shaped structure of this profile.
[33] However, the second electron density profile (Mariner 9, orbit N39) had a constant slope everywhere above the ionization peak. The structure of this profile as well as the low average scale height of 118 profiles examined has to be explained. As shown in Figure 6 , where the average angle between the magnetic field and local zenith dependence on latitude is shown, this angle was $90°± 35°in the latitude range from 6°N to 40°S corresponding to the radio occultation locations.
[34] Radio occultation profiles are derived on the assumption of a spherically symmetric ionosphere and depend upon the total electron content along the ray path. This method averages any spatial variations connected with variable declinations of the magnetic field from the horizontal direction along the ray path. The scale heights of electron density profiles, which have been analyzed, are derived from the radio occultation data obtained from 100 to 200 km higher than the MGS data shown in Figures 3 and 6 .
[35] We note that with many localized crustal source regions it can be expected that there will similarly be many small magnetic field loop-like or arcade-like structures extending into the ionosphere. These small loops create what Mitchell et al. [2001] refer to as minimagnetospheres within which there will be populations of trapped ionospheric electrons. Any line-of-sight path, as employed in the radio occultation method, will then intersect many different such regions, and the assumption of spherical symmetry for the ionospheric electron density will not be valid.
[36] Since the vertical magnetic field component decreases with altitude, this implies that the magnetic field becomes more horizontal when the distance from the crustal sources increases. Indeed, in a source-free region, magnetic flux conservation requires that the cross section of the flux tube increases while the magnetic field component normal to the flux tube cross section decreases. Thus we can expect that even above 200 km the magnetic fields continue to be, on average, horizontal, while the variation of angle with local zenith may even decrease. Thus the low value of the average scale height for 110 profiles obtained far from the strong crustal magnetization regions and for 10 profiles located over the magnetic anomalies corresponds to the average horizontal magnetic field.
[37] In the crustal anomaly-free regions the solar-windinduced magnetic field has a generally horizontal structure. In the crustal anomalies region the effective global horizontal magnetic field leads to low values of the scale heights. This means that in the northern hemisphere of Mars the SW interacts mainly with the ionosphere and atmosphere and that ''overpressure'' conditions similar to those that exist at Venus in periods of the high SW dynamic pressure are the norm. In the southern hemisphere of Mars the SW interaction is more complicated.
[38] Crider et al. [2002] have shown that magnetic fields related to crustal magnetization increase the altitude where the SW is deflected in the southern hemisphere. Phobos 2 observations of the SW/Mars interaction suggested that the global magnetic field of Mars is strong enough to form a proportionally wider magnetotail region than at Venus [Verigin et al., 1997 [Verigin et al., , 2002 . From Phobos 2 crossings of the SW proton termination boundary, Verigin et al. [1997] earlier estimated the magnetic moment of Mars to be (0.8 -1.0) 10 22 Gauss cm 3 . The dipole moment of the Martian magnetic field derived by Ferguson et al. [2000] is $10 times less than this. Considering the factors that control the ultimate magnetotail cross section, we come to the following conclusion.
[39] The solar wind pressure on the magnetopause and the total magnetic field flux in each lobe of the distant tail, not the dipole component of magnetic field, define the ultimate magnetotail cross section. In particular, if at the outer boundary of the distant magnetotail B t 2 /8p = P sw (B t is the magnetic field strength in the tail; P sw is the total SW pressure exerted on the magnetopause), there is the following relation between B t , the total flux È (regardless of its origin), and the ultimate cross section of the lobe AE. B t is proportional to the flux/area of the tail cross section: B t % È/AE. The larger the flux, the larger the ultimate cross section and consequently the wider the magnetotail. Also, Figure 6 . The average angle between the measured magnetic field vector and local zenith as a function of latitude. The bars above columns indicate standard deviation from mean value for each latitude bin.
it is clear now that estimates of the magnetic moment of a planet based on the magnetotail cross section can be a poor approximation, which can easily overestimate the dipole magnetic moment.
Conditions for Atmospheric Heating by Precipitating Energetic SW Particles
[40] The analysis of the MGS data shows that crustal magnetic sources may enable the solar wind to have direct access to the Martian atmosphere along open field lines as a result of reconnection. The total duration of the radio occultation measurement is 150-170 s, and the area of averaging near the occultation latitude and longitude is about +2°and +3°, correspondingly. Therefore it is difficult to detect any small-scale structure of the ionosphere connected with variations of the magnetic field angle from horizontal to vertical by this method.
[41] As mentioned in section 5, in the Mariner 9 orbit N39 density profile the scale height was nearly the same as in the region around the ionization peak (in the photoequilibrium region) and also at altitudes up to 280 km (in the region of diffusive equilibrium). This was suggested by Ness et al. [2000] to be connected with the increase of the neutral atmosphere temperature T N . Figure 7 compares this orbit N39 profile with that of orbit N31, for which the scale height is close to the average value. The ratio of temperatures T N1 / T N2 estimated from the scale heights (slopes) of these two profiles is T N1 /T N2 = H 39 /H 31 = 1.3. Thus the temperature for Orbit N39 is $30% higher than the average temperature. We caution that there are only two such profiles from this one orbit for which this high temperature ratio is derived.
[42] Figure 8 presents a map of the horizontal components of the crustal magnetic field over the crustal anomalies and two different structures of this field in the locations of both profiles shown in Figure 7 . The small-scale structure of the magnetic fields around the location of the profile for orbit N39 reveals a vertical elongation, in other words, a ''hole'' in the horizontal component structure. The magnetic field near the location of the radio occultation for orbit N31 is horizontal. Thus the observed heating of the atmosphere is assumed to be due to the solar wind penetration inside a horizontal component hole.
[43] Figure 8 also shows the global scale of such effects. There are numerous distinct holes in the middle of which the horizontal component is practically zero. Such holes seem to indicate cusp-like structures. Mitchell et al. [2001] have analyzed the electron fluxes measured by the electron reflectometer (ER) in the periods when MGS was within the optical shadow of Mars at altitudes near 400 km. The regions where the ER count rates fell abruptly to near background level at all energies except the lowest energy channels have been termed ''plasma voids.''
[44] These plasma voids were found to be closely associated with crustal magnetic fields. Such plasma voids indicate depletion of ionospheric plasma along the closed magnetic field lines, which is caused by dissociative recombination of molecular ions. Indeed, when the closed field line enters the optical shadow of the planet, because of the rotation of Mars, the photoionization reactions become ineffective, while the dissociative recombination reactions of molecular oxygen and carbon dioxide ions
are still active with reaction rates [Biondi, 1972] .
where T e is the electron temperature in kelvins.
[45] Shortly after a closed field line enters the optical shadow, the dissociative recombination results in approx- SIA imately a zero density of molecular ions. Consequently, on the nightside of Mars, closed field lines can be populated only with atomic oxygen ions and those electrons required to maintain charge neutrality. Outside the closed field line regions the day-to-night plasma transport and/or impact ionization caused by energetic electrons precipitating from the magnetotail can create an even denser ionospheric plasma. The density contrast between the regions of strong crustal magnetization and nonmagnetized crust is controlled by local time and latitude.
[46] A horizontal component of the crustal field that is >100 nT at altitudes of 80-200 km (Figure 8 ) indicates a region of primarily closed field lines, and certainly the ''plasma voids'' might be observed at altitudes near 400 km in those regions. However, the plasma voids could extend even beyond the boundaries of those regions because the area containing a primarily vertical magnetic field decreases with altitude, while the area covered by a primarily horizontal field of planetary origin increases.
[47] On occasion, in between the plasma voids a magnetosheath-like energy spectrum was briefly observed but with a reduced flux in all the energy channels . Such structures occurred during time intervals of 8 s or slightly more and tended to be near the local maximum of the radial component of the magnetic field (inward or outward). This corresponds to a hole in the horizontal component map (Figure 8 ). Short-term (and consequently, localized in space) appearance of magnetosheath-like electrons above the cusp-like structures formed by the magnetized crust seems to suggest a relationship between the high scale height of the electron density profile from Mariner 9 orbit N39 and the precipitation of energetic SW particles.
[48] Precipitation of energetic solar wind electrons could also produce a weak nightside ionosphere. For a peak electron density of 10 3 cm À3 a flux of precipitating electrons of the order of 10 5 cm À2 s À1 would be sufficient. Weak nightside ionization indeed has been observed with a dual-frequency radio occultation experiment on the early Russian Mars missions [Vasiliev et al., 1974] .
Conclusions
[49] The analysis of global and local magnetic fields measured by MGS at and above the ionosphere of Mars leads to the introduction of the concept of ''effective sources and sinks'' of magnetic fluxes. It also permits clarifying the topology of the large-scale structure of the field involved in the interaction with the solar wind. We have established the following results:
1. The magnetized crust of Mars can generate an effective large-scale magnetic field in the ionosphere and above (at least up to 400 km).
2. The footprints of the outermost field lines of the crustal magnetic fields may possibly reconnect with the IMF field and indicate areas inside of which energetic SW particles can precipitate.
3. During such reconnection an ''open'' magnetic field controls the flow of charged particles so that precipitation occurs near magnetically connected points. The structure of crustal magnetization significantly influences the topology of magnetically connected regions. In particular, if the reconnection occurs in regions where crustal magnetization creates vertical dipole-like structures, the precipitating particles can heat the neutral atmosphere not only in a spot-like region above the structure but also in adjacent halo regions extending several hundreds of kilometers from the source region. The crustal magnetic fields around latitude 34°N and longitude 337°E [Ness et al., 1999] constitute a remarkable example of such a situation.
4. There are numerous cusp-like regions above the crustal anomalies through which charged particles can penetrate to the lower layers of the neutral atmosphere and which will result in significant heating (temperature increases up to 30% in comparison with the average value), inflation, and impact ionization of the neutral atmosphere.
5. The horizontal magnetic fields created by the crustal anomalies together with that induced by the SW interaction can explain the characteristic structure of the Martian ionosphere observed by the radio occultation experiments in the southern hemisphere of Mars, that is, the nearly constant and low-average value of the electron density scale height as well as the lack of variation with zenith angle variations in contrast with nonmagnetic Venus.
6. The total magnetic flux throughout the magnetotail of Mars is much larger than that from the derived central magnetic dipole alone. This is responsible for the larger cross section, that is, wider magnetotail at Mars in comparison with the situation at Venus. 
